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An Area Selective Deposition (ASD) process using Plasma-Enhanced Chemical Vapour Deposition (PECVD) is
demonstrated. Using a plasma chemistry containing a fluorinated silicon precursor (SiF,4), no deposition is ob-
served on an aluminum oxide (AlOy) surface area, whereas a thin film of silicon is deposited on a silicon nitride
(SiNy) surface area, while both areas are located on the same crystalline silicon substrate. The thin film de-
position is characterized using spectroscopic ellipsometry, scanning electron microscopy, and atomic force
microscopy, showing that 10 nm of silicon is deposited on the SiNy in 4 min. The growth on the SiNy is char-

acterized by small grains and a rough surface, consistent with microcrystalline silicon, while no deposition or
etching is observed for the AlOx surface.

1. Introduction

Area selective deposition (ASD) is an attractive process for appli-
cations such as microelectronics as it may eliminate some costly li-
thography steps and reduce the issue of edge placement errors [1]. This
bottom-up approach controls where deposition takes place through the
underlying surface rather than through any masking step, and results in
“growth” and “no-growth” areas depending on the nature of surface
material.

Recent research in this field predominantly employs two techniques:
atomic layer deposition (ALD) and self-assembling monolayers (SAMs).
In the ALD technique, for certain precursors, the nucleation delay be-
fore the start of growth depends strongly on the surface properties.
However, this nucleation delay appears only at the first stage of the
growth process and for a relatively short time [2]. R. Vallat et al. have
demonstrated the inclusion of a plasma etching step to Plasma En-
hanced ALD (PEALD) to “reset” the nucleation delay on the no-growth
area. Doing so, a super cycle of deposition and etching processes are
repeated until the desired thickness is reached on the growth area [3].
Alternatively, one can introduce a surface-selective SAM on the no-
growth surface in order to deactivate it and prevent growth [4-6] or to
form a seed layer to catalyze and promote deposition on the growth
area [7].

Area selective deposition has been observed for other growth
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technologies as well. For example, the selective deposition of tungsten
by chemical vapor deposition (CVD) has been demonstrated using an
oxide masked area on a silicon substrate [8]. For lower temperature
plasma enhanced CVD (PECVD), selective deposition has been observed
when using pulsed gas plasmas [9].

In this paper, we report on the observation of a significant surface-
dependent nucleation delay in the PECVD of hydrogenated micro-
crystalline silicon (pc-Si:H) films using a standard 13.56 MHz radio
frequency excitation source and a fluorinated silicon growth precursor.

2. Experimental details

The pc-Si:H deposition process used is a RF-PECVD technique in a
capacitively-coupled plasma (CCP) chamber [10] using a SiF4/H,/Ar
gas mixture. Samples were placed on the grounded electrode, and the
temperatures of the grounded and powered electrodes were both kept
at 150 °C. The inter-electrode distance was 22 mm, and the SiF,4, H, and
Ar flows were 7, 9 and 100 sccm, respectively, with a pressure of
2.3 Torr and a power of 15 Watts. A similar plasma chemistry has been
recently utilized to make high-quality thin film solar cells [11], and,
using Tailored Voltage Waveforms as the excitation source, to demon-
strate the electrode selective deposition of pic-Si:H [12]. For this study, a
process time of 4 min was used. The selectivity is not affected by pro-
cess time but rather by H, gas flow, plasma power, electrode and
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Fig. 1. Schematic presentation of AlO,/SiN, patterned sample.

substrate holder temperatures, and substrate type.
The substrates for deposition consisted of a silicon wafer (with na-
tive oxide) coated with the following:

1) 50 nm of AlOy by Picosun ALD deposited using TMA and water as
precursors (500 ALD cycles).

2) 200 nm of SiN, deposited by capacitively coupled-PECVD, using N,
and SiH, gases.

3) AlO,/SiN, patterned samples (Fig. 1) were then fabricated by pho-
tolithography employing Reactive Ion Etching (RIE). 30 sccm of SFg
gas flow, 20 W of RF power and a pressure of 30 mTorr were used to
etch selectivity the SiNy, area not covered by MEGAPOSIT SPR700
1.2 positive photoresist. The remaining photoresist is removed by
acetone and the sample is then immersed in isopropanol.

Ex-situ spectroscopic ellipsometry (UVISEL-1 by Horiba Jobin Yvon)
was performed (in a spectral range from 1.2 to 4.5 eV) on both AlO, and
SiN, areas, before and after the process. The SE spectrum was fitted to a
model using DeltaPsi2 software. This model is built as follow: first the
substrate layers were measured and modelled (consisting of a crystal-
line silicon substrate with a 50 nm layer of AlO, and a 200 nm layer of
SiN,) before any plasma exposure. The thicknesses of those layers were
fixed for the modeling after plasma exposure and only the thickness as
well as the optical constants of the deposited material are allowed to
vary and be fitted. Scanning electron microscopy (SEM) observations of
the deposited film were carried out on a HITACHI S-4800 microscope
with a field emission source at 10 kV and 5 pA (using the upper de-
tector). Atomic Force Microscopy (AFM) measurements were done
using an Aglient Technologies 5500 Scanning Probe Microscope with
lateral and vertical resolutions of 10 nm and 0.5 nm, respectively, in
Intermittent Contact or Alternating Current mode (ACAFM).

3. Results and discussion

Ellipsometry measures the change of polarization state of a light
beam caused by reflection on a sample. This change of polarization is
represented by the ellipsometric angles A and ¥ [13,14]. Fig. 2 presents
the ex-situ spectroscopic ellipsometry spectra measured on both the
SiNy and the AlOy areas of the patterned substrate. Filled symbols in-
dicate the ellipsometric spectra acquired before exposing the substrate
to the deposition plasma for 4 min, whereas, open symbols indicate the
ellipsometric spectra acquired after plasma exposure. A clear change in
the spectra is observed only for the SiN, area (Fig. 2a), while the
spectrum for the AlO, area (Fig. 2b) remains unchanged. Furthermore,
in Fig. 2a, the shift of the interference peaks towards lower photon
energy clearly indicates that a deposition process has occurred on top of
the SiN, area.

In order to quantify the change in the spectra observed for the SiNy
area, the SE spectrum was modelled. The post-deposition model used,
unchanged, the model of the substrate stack before any plasma
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exposure (a crystalline silicon substrate with a 50 nm layer of AlO, and
a 200 nm layer of SiNy). The material deposited on top of the stack is
modelled with a Tauc-Lorentz dispersion function. This generic dis-
persion curve is usually reserved for amorphous films at greater
thicknesses, but can be used for microcrystalline silicon when the layers
are very thin [15,16].

A schematic presentation of the model is given in Fig. 3, where the
AlOy, and SiN, thicknesses are fixed, while the optical constants of the
silicon layer as well as the thickness are fitted. The deposited layer has a
thickness of 12 nm and appears to be of rather low density, as indicated
by the low refractive index of the material provided by the model.

To directly observe the nature of the growth that is occurring on the
SiN,, SEM images of the AlO, and SiN, areas of the patterned substrate
were acquired and are presented in Fig. 4. The SiN, area is completely
covered with densely packed grains of about 60 nm in diameter.
However, on the AlO, area there is a negligible amount of nuclei,
particularly in comparison to the SiN, area. The morphology of the
growth on the SiNy area, with a high roughness and small dense grains,
is consistent with pc-Si:H growth.

To quantify the roughness of the films deposited, AFM measure-
ments were performed on SiN, and AlO, areas. The RMS surface
roughness was calculated for each area. For the SiN, area it is 4.5 nm
while for the AlOy area is 1.4 nm. The significance of the value for the
AlOx area is debatable, as this incorporates the effect of the few sparse
nuclei that are present. However, the RMS roughness for the SiNx area
corroborates the modelling performed by SE.

The measurements presented above unequivocally demonstrate the
selective deposition of a silicon layer on a SiNy surface while leaving an
AlOy area pristine, both while using the same Ar/SiF,/H, PECVD pro-
cess. For the SiN, area, modelling of the shift in the ellipsometry spectra
before and after deposition indicate the growth of a layer about 10 nm
thick, as confirmed by SEM and AFM measurements. Furthermore, the
unchanged ellipsometry spectra for the AlO, before and after the
plasma (Fig. 2b) indicate that the plasma did not significantly modify
the structure of AlO,, and that no etching occurred. The importance of
the few nuclei observed on the AlOx surface is not clear; no special care
was taken to keep the substrate ultra-clean, so these may simply be the
consequence of dust particles.

The physical origin of this PECVD ASD phenomenon is not yet clear,
but the experimental design eliminates some possibilities. Firstly, the
fact that the two growth areas are located on the same c-Si substrate
means the two areas are at the same temperature, and once in the
plasma, will be at the same potential relative to the plasma [17,18]. The
fact that one area cannot charge up more than the other (as could occur
if one substrate was insulating and the other conductive [19]) means
that the ion flux profile seen by the two surfaces should be very similar.

One is then left to consider whether this ASD effect is due to local
differences in the plasma chemistry or in the surface chemistry.
Globally, this specific SiF,/H, plasma chemistry is believed to be a key
ingredient in creating this nucleation delay, as the processes on the
surface (deposition vs etching) are strongly determined by the H, flow
rate. In fact, it has been shown that silicon deposition will only occur if
the H, flux is sufficient to scavenge the fluorine (resulting from the
dissociation of SiF,) through the formation of HF molecules. For in-
sufficient H, feed flow, the fluorine concentration remains too high,
and the plasma will etch any silicon that is present [20].

One possibility for the selectivity between the two surfaces is that
the plasma, very locally, is different due to some influence from the
surface, such as different secondary electron emission properties or
molecular recombination rates. If this were the case, however, one
would expect a more gradual transition in nucleation rate at the
boundary between the two surfaces, which is not the case [21].

A second possibility is that the precursors involved in the process
(either SiF,, F or H) react with the two surface areas in different ways. A
fluorination reaction occurring on AlO, area forms a very strong bond
(Al-F) that blocks etching or deposition on this area. In the contrary,



G. Akiki, et al.

Applied Surface Science 531 (2020) 147305

Before deposition
R —
R
T ¥ T T T T T T 400
80 -
L350
70
L300
00 1250
05 200
> 40 [ 150 <
304 100
20 :50
10 4 -0

10 15 20 25 30 35 40 45 50
Photon Eenergy (eV)

After deposition
——E--
) --B--
80“ R
-240
L - 220
60 4 -200
50 L 180
S 160 4
40 140
304 120
100
204 [ 80
10 60

10 15 20 25 30 35 40 45 50
Photon Energy (eV)

Fig. 2. Comparison of ellipsometry spectra for (a) SiNy and (b) AlOx covered areas on the same SiN,/AlOy patterned substrate before (filled symbols) and after (open

symbols) the plasma process.
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Fig. 3. Ellipsometric spectra for silicon layer deposited on top of Silicon Nitride
(SiNy) area represented by Blue and Red circles. Solid lines show the fitting
spectra from the optical model of the substrate present on the right.

plasma species create volatile or gaseous compounds when reacting on
SiNy surface area that are removed easily from the surface, leaving sites
where growth can nucleate [22,23]. The influence of fluorine on se-
lective deposition has been previously shown [24], where Si-F bonds

passivate silicon substrates from TiO, growth and block surface reac-
tions. Such processes appear to be likely explanations for the effect
observed, but need to be directly confirmed by advanced surface ana-
lysis techniques such as X-ray Photoelectron Spectroscopy (XPS).

4. Conclusions

The selective, low temperature growth of silicon by PECVD, de-
positing on SiNy while leaving an adjacent AlOx area pristine, has been
unambiguously demonstrated through spectroscopy ellipsometry (SE)
and scanning electron microscopy (SEM). The SE results show that the
silicon layer that has grown on the SiNy area can be optically modelled
as a continuous thin film (although one of low density), and that op-
tically, no difference can be detected in the AlOx region before and after
the process (no growth, etching, or roughening). The SEM results show
the details of the morphologies of the two surfaces; the growth on the
SiNy area is indeed a continuous film with a rough, grain-like surface,
while the AlOx area shows very sparse features that are below the
measurement capabilities of the SE.

The characterization techniques used in this study do not provide a
clear underlying physical explanation for the growth selectivity.
However, the experimental design and the results of characterization
can be used to eliminate some possible explanations. For example, both
surfaces being adjacent and on the same substrate indicates that the
selectivity cannot be caused by a difference in ion flux profile, nor by

Fig. 4. A top view SEM images of (a) AlOx and (b) SiNy area. Only a few sparse features are observable on the AlOy area, while many small grains cover the SiNy area.
The presence of these grains is related to the microcrystalline nature of the deposited film.
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local differences in the plasma, caused (for example) by a difference in
secondary electron emission coefficient. In light of this evidence, we
suspect that the SiF, precursor used to grow the silicon layers plays an
important role, and specifically that the fluorine generated from its
dissociation is behind the selectivity. Nevertheless, determining the
most likely explanation (namely, a surface-related effect preventing the
sequence of elementary steps necessary for growth) requires more ex-
perimental evidence to narrow down the exact process.
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